The requirement of large amounts of the recombinant human bone morphogenetic protein-2 (BMP-2) produces a huge translational barrier for its routine clinical use due to high cost. This leads to an urgent need to develop alternative methods to lower costs and/or increase efficacies for using BMP-2. In this study, we describe the development and optimization of a cell-based assay that is sensitive, reproducible, and reliable in identifying reagents that potentiate the effects of BMP-2 in inducing transdifferentiation of C2C12 myoblasts into the osteoblastic phenotype. The assay is based on a BMP-responsive Smad1-driven luciferase reporter gene. LIM mineralization protein-1 (LMP-1) is a novel intracellular LIM domain protein that has been shown by our group to enhance cellular responsiveness to BMP-2. Our previous report elucidated that the binding of LMP-1 with the WW2 domain in Smad ubiquitin regulatory factor-1 (Smurf1) rescues the osteogenic Smads from degradation. Here, using the optimized cell-based assay, we first evaluated the activity of the recombinantly prepared proteins, LMP-1, and its mutant (LMP-1DSmurf1) that lacks the Smurf1-WW2 domain-binding motif. Both the wild type and the mutant proteins were engineered to contain an 11-amino acid HIV-TAT protein derived membrane transduction domain to aid the cellular delivery of recombinant proteins. The cell-based reporter assay confirmed that LMP-1 potentiates the BMP-induced stimulation of C2C12 cells towards the osteoblastic phenotype. The potentiating effect of LMP-1 was significantly reduced when a specific-motif known to interact with Smurf1 was mutated. We validated the results obtained in the reporter assay by also monitoring the expression of mRNA for osteocalcin and alkaline phosphatase (ALP) which is widely accepted osteoblast differentiation marker genes. Finally, we provide further confirmation of our results by measuring the activity of alkaline phosphatase in support of the accuracy and reliability of our cell-based assay. Direct delivery of synthesized protein can be limited by high cost, instability or inadequate post-translational modifications. Thus, there would be a clear benefit for a low cost, cell penetrable chemical compound. We successfully used our gene expression-based assay to choose an active compound from a select group of compounds that were identified by computational screenings as the most likely candidates for mimicking the function of LMP-1. Among them, we selected SVAK-3, a compound that showed a dose-dependent potentiation of BMP-2 activity in inducing osteoblastic differentiation of C2C12 cells. We show that either the full length LMP-1 protein or its potential mimetic compound consistently exhibit similar potentiation of BMP-2 activity even when multiple markers of the osteoblastic phenotype were parallely monitored. Published in
INTRODUCTION
Bone morphogenetic proteins (BMPs) belong to the TGFb superfamily and are capable of initiating the osteoblast differentiation cascade and inducing ectopic bone formation. [1] [2] [3] [4] [5] [6] BMP-2 has been studied most extensively in vitro and in vivo. Recombinant human BMP-2 was approved by the FDA in 2002 and is being used clinically as a bone graft substitute to achieve solid bony fusion and reduce the morbidity of iliac bone harvest in patients who require spine fusion surgery due to spinal instability. 7 However, the requirement for a 15 000-fold higher concentration in humans (1.5 mg ml À1 ) than in cell culture (100 ng ml À1 ) creates a huge translational barrier for routine clinical use due to high cost. [8] [9] [10] [11] [12] The traditional biochemical screening approaches involving the use of in vitro binding assays are not a true representation of interactions that occur in living cells. In this study, we describe a new gene expression-based and normal cell monitoring approach that selects reagents based on their real effects on cell physiology. LIM mineralization protein-1 (LMP-1) is a novel intracellular LIM domain protein identified by our group several years ago. 13, 14 LMP-1 can enhance BMP-2 activity by increasing the cellular responsiveness to BMP-2. We recently described the interaction between LMP-1 and Smad Ubiquitin Regulatory Factor-1 (Smurf1) in human mesenchymal stem cells. 15 The ubiquitin-mediated proteasomal pathway is the major intracellular mechanism for degradation of many short-lived regulatory proteins. 16 Smurf1 is a member of the Hect family of E3 ligases and has been reported to interact with Smad1, Smad5, Smad6, Smad7, Runx2, Tumor Growth Factor-b1 (TGFb1), and BMP receptors. [17] [18] [19] [20] [21] These interactions result in ubiquitination of the targeted protein followed by subsequent degradation by proteasomes. Our previous report suggested that the interaction of Smurf1 with LMP-1 prevents the ubiquitination of Smad1 and 5 which are the key intracellular messengers in the BMP signaling pathway. Further, we reported that the interaction of LMP-1 or Smads with Smurf-1 was based on the presence of a unique motif in LMP-1 that binds the WW2 domain in Smurf1. 22, 23 The ability of LMP-1 to block Smurf1 from binding to Smad1/5 results in protection of Smads from degradation which leads to an increase in the cellular responsiveness to BMP-2.
BMP signaling involves a complex interaction of regulatory proteins. Upon binding of BMP ligand to its specific cell surface receptor, receptor-associated intracellular signaling proteins Smads1/5 are phosphorylated. The activated Smads1/5 associate with a common component of both the BMP and TGFb signaling pathways, Smad4. The oligomerized Smad complex enters the nucleus to induce BMP-responsive genes such as alkaline phosphatase and osteocalcin in concert with other transcription factors. LMP-1 specifically interacts with Smurf1 and disrupts association of Smad1/5 with Smurf1 resulting in decreased ubiquitination and decreased proteasomal degradation of Smad1/5 leading to increased cellular responsiveness to BMP-2. (Figure 1 ).
Our earlier published data 15, 22 demonstrated that: (1) LMP-1 and Smurf1 exhibit binding affinity for each other both in cell extracts and in slot-blot binding assays performed with purified recombinant proteins; (2) LMP-1 successfully blocks the binding of osteogenic Smads1/5 to Smurf1; and (3) LMP-1 inhibits ubiquitination of Smad1/5 by Smurf1 in a concentration dependent manner. Physical binding of target molecules to Smurf1 is considered a requirement for the transfer of ubiquitin moieties to one or more lysine residues in the target protein thus targeting them for degradation. Our overall goal is to translate our knowledge of the LMP-1 and Smurf1 interaction interface into therapeutic applications for clinical bone-induction. Compounds that physically block osteogenic Smads from interacting with Smurf1 will be good candidates for development into drugs to promote BMP-2 activity.
In this study, we focused on developing and optimizing a cellbased method to use as a tool to identify reagents that potentiate BMP-2 activity. Using this assay we confirmed that the Smurf1interacting motif was necessary for the optimal function of LMP-1 in potentiating BMP-2 activity by applying the recombinantly prepared LMP-1 wild type protein and LMP-1DSmurf1 mutant protein that lacks the WW2 domain-binding motif. Both recombinant proteins were engineered to contain an 11-amino acid HIV-derived membrane transduction domain to facilitate their cellular entry when applied extracellularly. Finally, as proof of concept, we selected a small drug-like compound from a set of lead compounds that were previously selected based on computational homology modeling, DOCK-ING, and in silico screenings. The BMP-potentiating activities of both LMP-1 and the LMP mimetic compound were further evaluated by monitoring several markers of the osteoblastic phenotype corresponding to various time points during phenotype differentiation of C2C12 cells towards the osteoblast.
MATERIALS AND METHODS

Cell culture
Mouse C2C12 cells and Dulbecco's modified Eagle's medium (DMEM) were purchased from ATCC (Manassas, Figure 1 . LMP-1 regulates cellular responsiveness to BMP. Upon binding of BMP ligand to its specific cell surface receptor, intracellular signaling proteins Smad1/5 are phosphorylated. The activated Smad1/5 associate with Smad4. The oligomerized Smad complex then enters the nucleus to induce BMP-responsive genes in concert with other transcription factors. LMP-1 competitively binds to Smurf1 and rescues Smads1/5 from being targeted for Smurf1-dependent ubiquitin-mediated proteasomal degradation. Consequently, the rescued Smads1/5 lead to potentiation of the BMP-pathway by enhancing the expression of BMP-induced genes such as alkaline phosphatase and osteocalcin VA). Fetal bovine serum (FBS) was purchased from HyClone Laboratories, Inc. (Logan, UT). The C2C12 cells at passages 5-10 were subcultured in T-75 cm 2 flasks in DMEM supplemented with 10% FBS at 378C in 5% CO 2 with humidification. When the flasks reached 80% confluence, the cells were trypsinized and seeded in triplicate at 200 000 cells per well in a six-well plate for quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) and Alkaline phosphatase (ALP) assays or at 50 000 cells per well in a 12-well plate for the Dual-Luciferase reporter assay.
Preparation of a mutant of LMP-1 fusion protein that lacks the WW2 domain-binding motif (LMP-1DSmurf1)
The detailed methods for purification of the TAT-LMP-1 fusion proteins were previously described by us and we have already confirmed in those studies that the protein enters into cells and executes its function. 24 LMP-1DSmurf1 was generated using the following primers: forward primer, 5 0 -GGC CCG GCC CTT TGG GGC GGC AGC AGC AGC TGA CAG CGC CCC GCA AC-3 0 ; reverse primer, 5 0 -GTT GCG GGG CGC TGT CAG CTG CTG CTG CCG CCC CAA AGG GCC GGG CC-3 0 . Mutagenesis was performed with a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).
RNA extraction and reverse transcription
The C2C12 cells were plated at a density of 200 000 cells per well in six-well plates and grown overnight. On day 2, culture media was replaced with DMEM containing 2% FBS and the cells were treated with LMP-1 or LMP-1DSmurf1 or various concentrations of LMP-1 mimetic compound (diluted from 10 mg ml À1 stock solutions prepared in DMSO) for 24 h. In controls, for compound experiments a DMSO solvent concentration of 0.01% (v/v) was used. On day 3, media was replaced with fresh DMEM containing 2% FBS and the cells were treated with BMP-2 for 24 h.
Total RNA was harvested using the RNeasy Mini Kit according to the manufacturer's instruction (Qiagen, Valencia, CA). The harvested RNA was digested with RNase-free DNase I (Qiagen, Valencia, CA) to remove DNA contamination. The concentration of the isolated RNA was determined by measuring the absorbance at 260 nm wavelength with a spectrophotometer. The ratio of A260/ A280 was between 1.6 and 1.8. Reverse transcription was carried out to synthesize cDNA in a 100 ml volume with 2 mg of total RNA, 10 Â RT buffer, 5.5 mM MgCl 2 , 2 mM dNTP mixture, 0.25 mM oligo d(T), 0.25 mM random primer, 40 U RNase inhibitor, and 125 U murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA) for 10 min at 258C, 30 min at 488C, and 5 min at 958C.
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was performed to determine the mRNA expression level of ALP and osteocalcin. The sequences of the primers were follows: ALP (forward, 5 0 -TCA GGG CAA TGA GGT CAC ATC-3 0 ; reverse, 5 0 -CAC AAT GCC CAC GGA CTT C-3 0 ), osteocalcin (forward, 5 0 -CGG CCC TGA GTC TGA CAA AG-3 0 ; reverse, 5 0 -CTC GTC ACA AGC AGG GTC AA-3 0 ). Twenty-five microliters of reaction volume included 5 ml of cDNA, 0.5 ml of 10 mM of each primer, and 12.5 ml of 2 Â SYBR green master mix (Applied Biosystems). Realtime PCR was performed with the following three-step protocol: step 1, 508C for 2 min; step 2, 958C for 10 min; step 3, 40 cycles of 958C for 15 s and 628C for 1 min using the 7500 real-time PCR System (Applied Biosystems, Foster City, CA). To confirm the amplification specificity, the PCR products were subjected to a dissociation curve analysis. The threshold cycles (Ct) of each reaction were normalized to those obtained for 18S mRNA using ÀDD Ct method. All PCR reactions were performed in duplicates.
Alkaline phosphatase (ALP) assay
The C2C12 cells were plated at 200 000 cells per well in sixwell plates and grown overnight. On day 2, culture media was replaced with DMEM containing 2% FBS and the cells were treated with 25 nM LMP-1 or LMP-1DSmurf1 or various concentrations of the LMP-1 mimetic compound for 24 h. On day 3, media was replaced with fresh DMEM containing 2% FBS and the cells were treated with 50 ng ml À1 of BMP-2 for 72 h. The cells were washed with phosphate-buffered saline (PBS) and lysed by addition of lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM MgCl 2 , and 0.5% Triton X-100). The cell lysates were centrifuged for 5 min at 13 000 g. The supernatant was removed and the aliquots were assayed for ALP activity and protein amount. The ALP activity was measured using an ALP assay kit (Sigma-Aldrich, St. Louis, MO) in triplicates in microtiter plates. The protein amount was determined with Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA) using bovine serum albumin (BSA) as a standard. The ALP activity (nmoles of p-nitrophenol per ml) was normalized to the protein amount (nmoles of p-nitrophenol per mg).
Dual-luciferase reporter assay
The BMP-specific Smad1-driven 9 Â GCCG (a consensus binding sequence for Smad1) reporter plasmid was kindly provided by Dr Miyazono (The Institute of Japanese Foundation for Cancer Research, Tokyo). The C2C12 were trypsinized and seeded in triplicates at 50 000 cells per well in 12-well plates on day 1. On day 2, the cells were cotransfected with the 9 Â GCCG-reporter construct and the renilla-luciferase control vector using SuperFect (Qiagen, Valencia, CA) for 24 h. A total of 1 mg of plasmid was used for cotransfection in each well and the concentration of renilla-luciferase vector was 1/15 of 9 Â GCCG-reporter plasmid. On day 3, media was replaced with DMEM containing 2% FBS and the cells were treated with 100 nM LMP-1 or LMP-1DSmurf1 or various concentrations of the LMP-1 mimetic compound. On day 4, the cells were treated with BMP-2. On day 5, the luciferase activities were measured in 20 ml of cell-lysate using the dual-luciferase assay system (Promega, Madison, WI) with a luminometer (LumiCount; Packard Bioscience, Meriden, CT) following the manufacturer's instructions. The luciferase activity was expressed as relative units of luciferase (RUL; a ratio of firefly luciferase and renilla luciferase activity).
Statistics and calculations
Results are presented as the mean of three determinations (n) with error bars representing the standard error of the mean (SEM). Real time RT-PCR was performed on duplicate samples. Experimental results that are visually represented are from consistent experiments where one representative experimental result is shown. Statistical significance ( p < 0.05) was calculated using a one-way analysis of variance (ANOVA) and a Holm-Sidak post hoc test. These results were also confirmed by Bonferroni post hoc test (equal variances assumed) or Dunnett's T3 post hoc test (equal variances not assumed) using SigmaStat, version 3.1 (Systat Software, Inc., Point Richmond, CA) to compare various treatments in multi-group analysis. Statistical probability of p < 0.05 was considered significant and is denoted as ( Ã ) and/or (#) in figures.
RESULTS
Optimization of a cell-based method to monitor BMP-2 induced responses
To develop a sensitive and reliable cell-based assay, we utilized a Smad1-specific luciferase reporter plasmid which contains a multimerized -GCCG-motif (nine copies) to monitor transcriptional activity driven by activated Smad1 in C2C12 cells. The BMP-specific Smad1-driven 9 Â GCCG reporter construct is widely used to assay the BMP activity in many cell types at a typical concentration of 50-100 ng ml À1 of BMP-2. To select a sub-optimal dose of BMP-2 for studying the potentiating effect of LMP-1 or its mimetic compound, we performed the reporter assay with lower BMP-2 concentrations ranging from 0.25 to 75 ng ml À1 . A dose response was established with a concentration range of BMP-2 required for activating the reporter assay ( Figure 2 ). The results from this experiment allowed us to select a sub-optimal dose of BMP-2 to assess the potentiating effects of wild type LMP-1, LMP-1DSmurf1 mutant, or LMP-1 mimetic compounds in the subsequent experiments.
Smurf1-interacting motif in LMP-1 is required for potentiation of BMP-2 induced reporter activity
We prepared recombinant proteins of LMP-1 wild type and a mutant form of LMP-1 (LMP-1DSmurf1) that fails to bind Smurf1. We then compared the induction of luciferase activity by 5 ng ml À1 of BMP-2 when the C2C12 cells transfected with reporter plasmid were treated with or without 25 nM LMP-1 or LMP-1DSmurf1. We observed that the BMP-2 induced luciferase activity was enhanced 2.7-fold by LMP-1 ( p < 0.001) when compared to BMP-2 alone and that treatment with LMP-1DSmurf1 resulted in a 45% lower BMP-2 induction of luciferase activity ( p < 0.001) compared with wild type LMP-1 treatment (Figure 3 ).
LMP-1 enhancement of BMP-2-induced alkaline phosphatase and osteocalcim mRNA levels requires interaction with Smurf1
ALP and osteocalcin are widely accepted osteoblast differentiation markers. We compared the activities of LMP-1 and LMP-1DSmurf1 proteins in enhancing the BMP-2-induced expression of these markers in C2C12 cells. The cells were treated with LMP-1 or LMP-1DSmurf1 for 24 h followed by treatment with BMP-2 for 24 h. We observed that the BMP-2 induced elevation of the ALP mRNA level was enhanced 2.2-fold ( p < 0.001) by 25 nM Figure 2 . Determination of BMP-2 activity in a cell-based reporter assay. A dose-dependent induction of luciferase activity by BMP-2 is shown in C2C12 cells transfected with the BMP-specific and Smad1-driven 9 Â GCCG reporter plamid for 24 h. Luciferase activities were determined in triplicates. Ã Denotes statistical significance, determined as described in methods, between the indicated treatments ( p < 0.001) Figure 3 . The Smurf1-interacting motif in LMP-1 is required for potentiation of BMP-2 induced reporter activity. A comparison of the effect of wild type LMP-1 protein and the mutant LMP-1DSmurf1 protein on BMP-2 induced 9 Â GCCG reporter activity is shown. The LMP-1 wild type protein enhanced the BMP-induced luciferase activity by 2.7-fold. LMP-1DSmurf1 mutant protein treatment resulted in a 45% loss of the activity observed with the wild type LMP-1 protein. Luciferase activities were determined in triplicates. Statistical significance among different treatment groups was ( p < 0.001) obtained as detailed in methods LMP-1 when compared to BMP-2 alone control and treatment with 25 nM LMP-1DSmurf1 resulted in a 53% lower ( p < 0.001) induction of ALP mRNA expression compared with wild type LMP-1 treatment (Figure 4 ).
Next we measured BMP-2 induction of the osteocalcin mRNA level in the presence or absence of 25 or 50 nM LMP-1 or LMP-1DSmurf1 proteins. BMP-2 alone showed a 10.6fold increase in osteocalcin mRNA over the no treatment control. The LMP-1 (25 nM) treatment caused a 1.7-fold increase ( p < 0.001) compared to BMP-2 alone. Treatment with 25 nM LMP-1DSmurf1 protein resulted in a 30% lower ( p < 0.001) BMP-2 induction of osteocalcin mRNA expression compared with the wild type LMP-1. Similar observations were made in experiments performed with 50 nM LMP-1 or LMP-1DSmurf1 proteins. When 50 nM LMP-1 was used, we observed a 2.6-fold ( p < 0.001) enhancement of the BMP-2-induced osteocalcin mRNA level as compared to BMP-2 alone. When 50 nM LMP-1DSmurf1 was used, we observed a 24% lower induction of the osteocalcin mRNA level compared with 50 nM wild type LMP-1 ( p < 0.001) ( Figure 5 ). These observations confirmed that the interaction of LMP-1 with Smurf1 was indeed involved in the potentiation of BMP-2 activity by LMP-1.
The Smurf1-interacting motif in LMP-1 is required for enhancement of BMP-2 induced alkaline phosphatase activity ALP is a highly active and stable enzyme, making a direct and sensitive assay of this enzyme activity feasible. To further confirm the results obtained in Figure 5 , we determined the effect of LMP-1 and LMP-1DSmurf1 proteins on BMP-2 induced ALP enzyme activity in the C2C12 cells. Cells were treated with 100 nM LMP-1 or LMP-1DSmurf1 protein for 24 h followed by a treatment with BMP-2 (50 ng ml À1 ) for 72 h. Similar to the results obtained in the reporter assays and real-time RT-PCR, the C2C12 cells caused a significant increase in BMP-2 induced ALP activity by LMP-1 protein (4.7-fold, p < 0.001) when compared to BMP-2 alone. The treatment with LMP-1DSmurf1 protein resulted in a 42% lower ( p < 0.001) induction of ALP activity compared to BMP alone or no treatment controls which showed little or no activity ( Figure 6 ). Figure 4 . The Smurf1-interacting motif in LMP-1 is required to enhance BMP-2 induced expression of ALP mRNA. Comparison of the effect of wild type LMP-1 protein and the mutant LMP-1DSmurf1 protein on the potentiation of the BMP-2-induced increase in the ALP mRNA level is shown at 25 and 50 nM concentration of proteins. The BMP-2 induced increase in the ALP mRNA level was 2.2-fold and 3.0-fold by 25 nM and 50 nM LMP-1, respectively. These increases were reduced by 53% and 34% when the cells were treated with LMP-1DSmurf1 mutant, respectively. Quantitation of mRNA was based on duplicate determinations Figure 5 . The Smurf1-interacting motif in LMP-1 is required for enhancing BMP-2 induced expression of osteocalcin mRNA. Comparison of the effect of the wild type LMP-1 protein and the LMP-1DSmurf1 protein on enhancement of BMP-2 induced osteocalcin mRNA expression is shown at 25 and 50 nM concentration of proteins, respectively. BMP-2 induced osteocalcin mRNA expression was enhanced 1.7-fold and 2.6-fold by 25 nM and 50 nM LMP-1, respectively. These increases were reduced by 30% and 24% when the cells were treated with 25 and 50 nM LMP-1DSmurf1 mutant, respectively. Quantitation of mRNA was based on duplicate determinations 
SVAK-3, an LMP-1 mimetic compound, potentiates BMP-2 induced Smad1-driven luciferase reporter activity
In an effort to identify a novel small drug-like molecule that could disrupt Smurf1-Smad1/5 interaction in a way similar to LMP-1 function we used the computer simulation techniques of molecular docking to virtually screen compounds from a library enriched for FDA-approved drugs from the National Cancer Institute and a chemical database MDL Available Chemicals Directory (ACD). Compounds were ranked according to their relative binding energy, favorable shape complementarity, and potential to form hydrogen bonds within the modeled Smurf1 WW2 domain hydrophobic pocket. 22, 23 For each docked compound, the best-scoring complexes were ranked, clustered, and re-ranked using calculations which included more accurate estimates of desolvation. Finally, a diversity selection, followed by visual inspection using 3D stereographics, of putative compounds was employed as filters for discovery of potential ''lead'' compounds. A representative sample of the most favorable compounds (54 compounds) was tested experimentally for their ability to potentiate BMP-2 activity in our cell-based luciferase reporter assay. Out of these candidate lead compounds, we selected SVAK-3 for the current studies as a promising LMP-1 mimetic synthetic compound. Although SVAK-5, 6, and 25 showed relatively more enhancement of BMP-2 induced luciferase activity than SVAK-3, we focused on additional characterization of SVAK-3 activity because its parent compound and the related chemical derivatives were pharmacologically more defined (Figure 7 ). Similar to LMP-1 protein alone treatments, the compounds by themselves showed no enhancement of reporter activity in the absence of BMP-2. The solvent dimethylsulfoxide (DMSO) controls showed only basal activity similar to no treatment controls. The DMSO solvent concentration of 0.01% (v/v) was not toxic to cells as determined by cell number, total protein amount, and cell phenotype consistent with the literature (data not shown).
Next, we determined the effectiveness of compound SVAK-3 on potentiation of BMP-2 activity over the concentration range from 0.1 to 2.5 mg ml À1 while keeping the BMP-2 concentration at 5 ng ml À1 in the luciferase reporter assay as shown in Figure 8 . SVAK-3 showed a dosedependent effect in enhancing the luciferase activity with an optimum enhancement of 2.3-fold ( p < 0.001) observed at a concentration of 0.5 mg ml À1 when compared to BMP-2 alone. Figure 8 . SVAK-3 potentiates BMP-2 responsiveness in the Smad1-driven reporter assay. A 2.3-fold enhancement of luciferase activity was observed at a compound concentration of 0.5 mg ml À1 when compared to BMP-2 alone (5 ng ml À1 ). Data points were determined in triplicates. Statistical significance from the BMP-2 control group was ( p < 0.001) obtained as detailed in Methods section and is denoted by ( Ã ) Figure 7 . Determination of the efficacy of various mimetic compounds to enhance BMP-induced luciferase activity. Relative activities of a representative set of candidate LMP-1 mimetic compounds in the luciferase reporter assay are shown. Compounds were tested at a concentration of 1.0 mg ml À1 while BMP-2 was used at 0.25 ng ml À1 . Data points were determined in triplicate. Statistical significance among different treatment groups was ( p < 0.001) obtained as detailed in methods. In no compound controls, cells were treated with DMSO (0.01%) alone. Compounds showed no activity in the absence of BMP-2 at the concentration (1.0 mg ml À1 ) tested. The same compounds that were identified as being active were also determined to be active at compound concentrations of 0.1 and 10 mg ml À1 (data not shown) BMP-2 induced alkaline phosphatase and osteocalcin mRNA levels are enhanced by the compound SVAK-3
In Figure 4 , we determined the potentiating effect of LMP-1 on BMP-2 activity by determining the enhancement of the BMP-induced alkaline phosphatase mRNA level by LMP-1.
Here, we tested whether the LMP-1 mimetic compound, SVAK-3, that enhanced BMP-induced reporter activity would also exhibit potentiating activity on BMP-2-induced marker gene expression. We determined the effectiveness of compound SVAK-3 over the concentration range from 0.125 to 1.0 mg ml À1 while keeping the BMP-2 concentration constant at 20 ng ml À1 by determining alkaline phosphatase mRNA levels as shown in Figure 9 . SVAK-3 showed a dosedependent increase in the BMP-induced alkaline phosphatase mRNA level with the maximal 3.4-fold increase ( p < 0.001) compared to BMP-2 alone observed at a compound concentration of 0.25 mg ml À1 . At higher concentrations of compound this activity was partly diminished probably due to undesired/toxic effects in cells.
In Figure 5 , we showed the potentiating effect of LMP-1 on BMP-2 activity by determining the enhancement of the BMP-induced osteocalcin mRNA level by LMP-1. Here, we tested whether the LMP-1 mimetic compound, SVAK-3, that enhanced BMP-induced reporter activity and ALP mRNA expression would also exhibit potentiating activity by increasing BMP-induced osteocalcin gene expression. Such an observation would strengthen its biological role in promoting the osteoblastic phenotype. We determined the effectiveness of compound SVAK-3 over the concentration range from 0.125 to 1.0 mg ml À1 while keeping the BMP-2 concentration constant at 20 ng ml À1 as shown in Figure 10 . SVAK-3 caused a dose-dependent increase in the BMPinduced osteocalcin mRNA level with maximal 2.6-fold increase ( p < 0.001) compared to BMP-2 alone observed at a compound concentration of 0.25 mg ml À1 .
BMP-2 induced ALP enzyme activity is enhanced by the compound SVAK-3
We used SVAK-3 in the concentration range of 0.125-1 mg ml À1 while keeping the BMP-2 concentration constant at 100 ng ml À1 to evaluate its enhancement of the BMPinduced alkaline phosphatase activity. The ALP enzyme assay demonstrated that the compound dose-dependently enhanced the BMP-2 induced ALP activity. The peak activity of 3.6-fold increase ( p < 0.001) was observed at a compound concentration of 0.25 mg ml À1 when compared to BMP-2 alone, further confirming the earlier observations ( Figure 11 ). We also used 100 nM LMP-1 protein as a positive control and observed an enhancement of ALP activity of 2.8-fold ( p < 0.001) when compared to BMP-2 (50 ng ml À1 ) alone in these experiments. These results support our hypothesis that SVAK-3 is potentially a low-cost substitute for a recombinantly prepared LMP-1 protein in enhancing BMP-induced osteoblastic responses in cells.
DISCUSSION
LMP-1 is a novel intracellular LIM domain protein shown to induce bone formation in vitro and in vivo. An interesting function of LMP-1 is its ability to synergize with BMP-2. We previously reported that LMP-1 binds to Smurf1, which is capable of degrading its natural targets, the osteogenic Smads1/5. The interaction between LMP-1 and Smurf1 prevents ubiquitination of these Smads and their degradation, increasing the cellular responsiveness to BMP-2. By comparing the LMP-1 wildtype and the mutant protein that lacked the Smurf1-binding motif, we confirmed that the interaction of LMP-1 with Smurf1 via its WW2-domain interacting site was necessary for the synergistic effect of LMP-1 with BMP-2. The reporter assay using BMP-specific Smad1-driven 9 Â GCCG reporter plasmid, real-time RT-PCR for ALP and osteocalcin mRNA expression, and the ALP enzyme assay all showed that LMP-1 potentiated BMP-2 activity via binding to Smurf1. Small-molecule compounds with potential BMP-potentiating activity will provide a pharmacological approach to help further extend the therapeutic use of BMPs. Any identification of a low cost compound that potentiates a BMP-induced cellular response will broaden the use of BMP-2 towards a more efficient bone regeneration application. Therefore, we extended the use of our cell-based assay using the Smad1-specific luciferase reporter to test potentially active candidates among the LMP-1-based synthetic compounds that were previously selected as the most likely ''leads'' after extensive chemo-informatic analyses of the Smurf1 WW2 domain and its interacting site in LMP-1. We selected SVAK-3 as one of such active ''lead'' candidates.
To test the validity of the cell-based reporter assay further, we examined the potentiating activity of SVAK-3 on BMP-2-induced cellular responses. We performed real-time RT-PCR for ALP and osteocalcin mRNA expression and the ALP enzyme assay in C2C12 cells. These determinations also demonstrated a dose-dependent activity of SVAK-3 in potentiating BMP-2 induced signaling. From these results we conclude that the activity of LMP-1 or SVAK-3 was not dependent on any particular assay and similar BMPpotentiation effects were observed both in reporter plasmid-transfected and non-transfected cells.
Two procedural details were critical to the success of this assay. We used a much lower concentration of BMP-2 (0.25-5 ng ml À1 ) than typical concentrations (50-100 ng ml À1 ) to improve the sensitivity of detecting enhancement of BMP-2 activity. 25 In addition, we increased the transfection time from 2 to 24 h which substantially improved the reliability, consistency, and reproducibility of the response. We showed that the specificity of the assay was well maintained despite monitoring multiple cellular outputs at various time points. This is a generic approach that can, in principle, be applied to the identification of any reagent that influences cellular responsiveness to BMPs.
The compound SVAK-3 elevated the BMP-2-induced response significantly even at a dose of 0.25 mg ml À1 , a nontoxic concentration based on cell number, total protein and cellular phenotype. The effective dose of compound remained consistent (0.25 mg ml À1 ) among multiple assays. This suggested that the biological markers in C2C12 cells that we chose to investigate are tightly controlled by the same BMP-signaling pathway. All these studies suggest that the compound, SVAK-3 or a potentially more efficacious derivative, may be useful in potentiating the BMP-2 responsiveness of cells. The combined use of such a compound with BMP-2 may reduce the high doses of BMP-2 protein currently required for its effective clinical use. The abundance and low cost of SVAK-3 makes it a highly desirable drug-candidate. Thus, SVAK-3 may be a useful pharmacological tool that induces BMP-mediated osteoblastic progression.
In summary, we established the 9 Â GCCG reporter transfected C2C12 cells as a sensitive cell-based sensor of BMP-2 osteogenic effects. This system allowed us to monitor successfully the complex process of BMP-induced transdifferentiation of C2C12 cells towards the osteoblastic phenotype by determining various cellular markers at different time points in living cells. To our knowledge, this is the first report describing the effectiveness of an intact recombinant protein along with its mimetic compound in potentiating BMP-2 signaling. Also the identification and activity determination of SVAK-3 through novel approaches: chemo-informatics, virtual screenings, and cell-based biochemical evaluations lay promising ground for further applications in bone biology. Future experiments will evaluate enhancement of BMP-2-induced bone formation by SVAK-3 or its more efficacious derivatives in animal model.
